Abstract
Introduction
Aneurysms are localized chronic degenerative disorders of the blood vessels -almost exclusively of arteries -leading to their dilation. The expression itself derives from the ancient Greek term "ὰνεύρυσµα" (aneurusma), meaning widening. These lesions occur predominantly at two -from etiological point of view -different locations, notably in the cranium and in the abdomen. However in our research both variations are considered, the present paper focuses only on the former one. One of the most common and most hazardous locations of these cerebral aneurysms is the carotid bifurcation, a typical branching point of one of the main arteries supplying the brain, where, at the apex, a balloon like (saccular) outpouching is possible to form under certain still obscure conditions. The features of this particular bifurcation serve as the basis for our investigations.
Motivation
Since most cerebral aneurysms are asymptomatic, only rough approximations can be made to assess their prevalence ratio, which, according to [1] , mounts up to 1 -6% of the population.
The mortality and morbidity ratios of the rupture induced subarachnoid haemorrhage are also remarkably high. 10% of the patients die even before reaching medical attention, another 50% do not survive the first month after the surgery, and around half of the remaining 40% suffer permanent neurological deficits. The treatment of unruptured aneurysms is possible, but it is also a high risk procedure. The two basic methods are the craniotomy and the endovascular coiling having mortality and morbidity ratios of 4 -10.9% and 1 -3% [2, 3] against 3.7 -5.3% and 1.1 -1.5% [4, 5] , respectively.
Taking into consideration the previous data and the fact that incidence ratio of rupture is only 0.5% among those harbouring a cerebral aneurysm, it is essential to provide the most reliable decision strategy possible to neurosurgeons, which, at present, is based on the statistical results of a thorough study [1] involving 4323 patients restricting the decision parameters to a few easily measurable ones, like the age and the diameter of the sac.
At the same time, with the rapid development of in vivo imaging and numerical simulations, a different approach forms the main area of mechanical related researches in this field, with which, in the near future, the risk of rupture can be estimated more accurately using the framework of patient-specific modelling [6] .
In parallel, pioneer investigations [7] are carried out concerning the circumstances of initiation and the biomechanical factors governing the pathogenetic process of these peccant deformations, however, in spite of the elaborate mechanical model of the arterial wall [8] at our disposal, several vital questions necessary to better understand the disease remain unanswered. These are at the forefront of our investigations.
Problem statement
The evolution of aneurysms is driven by effects resulting from the blood flow. These incorporate both direct mechanical forces and biomechanical stimuli leading to the degradation and remodeling of the arterial wall. The mechanism of this flow related biological process is associated with the shear stress distribution acting on the wall, whereas the exact process still needs to be elucidated in order to explain the remodeling of the tissue, thus enabling a better assessment of the material characteristics of the developed aneurysm wall.
Purpose
We hypothesise [9] , that well defined distinct local geometrical properties (the lumen area ratio and the bifurcation angle) of the bifurcation have a significant impact on the flow induced loads. Our main goal, therefore, is to create a database of the load and stress distribution of the wall as a function of the geometry and hydrodynamic factors. The variable-field shown in Table 1 5 Subject of the investigations This paper analyses the healthy geometrical variation of one of the most common and most hazardous locations of cerebral aneurysms, notably the carotid bifurcation, a typical branching point of one of the main arteries supplying the brain. The junction is at the circle of Willis, where the parent vessel, the internal carotid artery (ICA) divides into two branches, to the middle cerebral artery (MCA) and to the anterior cerebral artery (ACA). A representative geometry obtained by three-dimensional rotation angiography (3DRA) is shown in Fig. 1 . 
Measurements
We collected the data in Table 2 based on 3DRA measurements of 10 healthy carotid bifurcations carried out on patients of the Hungarian National Institute of Neurosciences. The estimated precision of the readings are 0.1 mm and 5°regarding the length and the angle respectively.
Model parameters
The length of the main branch (L = 20 mm) and the sub branches (l 1 = 20 mm, l 2 = 20 mm) are fixed along with the main branch diameter (D = 4 mm). The parameter study involves the varying sub branch diameters (d 1 , d 2 ) ranging from 50% of the main branch to 90% by 5% increments, and the bifurcation angles (α 1 , α 2 ) measured from the axis of the main branch ranging from 15°to 90°by 15°. At the intersection of the edges, in order to evade singularities, a fillet with 1 mm radius is used. The pressure field has the following values: normal 80 / 120 Hgmm (10.7 / 16.0 kPa), high 90 / 140 Hgmm (12.0 / 18.7 kPa) and critical 100 / 180 Hgmm (13.3 / 24.1 kPa).
Approach
For a more precise understanding of the phenomenon, our approach differs from the usual methods, notably, instead of using complex and unique patient specific data, we systematically develop a simplified model of the healthy configuration in an inductive manner. This includes a solid mechanical model of the arterial wall and a hydrodynamic model of the fluid domain starting from the simplest two-dimensional steady state simulation with basic boundary conditions and rigid walls heading towards the more elaborate unsteady simulation with more accurate boundary conditions taking into consideration the material properties of the wall as well. Using these models, we perform a parameter study.
Modeling stages
The first step is the qualitative investigation of the pressure and WSS solving solely the transport equations of the fluid on a fixed geometry gaining a basic understanding on the load distribution. The second step concerns the global parameters of the bifurcation resulting in its evaluation as a part of the circulatory system. The third milestone turns towards the local features and the spatial distribution of the flow induced loads surrounding the apex. Finally, the time dependency and the influence of the wall elasticity is taken into consideration enabling us to scrutinize both the spatial gradients and time variations of the chosen parameters, which now include the wall stresses, strains Tab. 2. Measured geometric data of 10 healthy carotid bifurcations and displacements, together with the effect of the interaction of the solid and the fluid part.
Model description
For the above described geometries, the most complex model presented in this paper is a two-dimensional unsteady, fully coupled fluid structure interaction (FSI) simulation, where the fluid and the solid domains are handled separately with the most suitable numerical procedure, the finite volume and the finite element method, respectively, both available in the ANSYS 14.0 numerical simulation software package. The FSI is handled in the ANSYS Workbench framework, where the solution sequence is governed by the finite volume method.
General assumptions
Averaging the sums of the angles between the three branches (α m = 346°± 19°), the assumption of a much simpler planar geometry seems to be acceptable, by which the secondary flow formations are neglected, therefore, in the future, it is necessary to be compared with the 3D models. The curvature of the branches are also neglected, noting that as a best practice in 3D models, the first preceding bend should also be incorporated in the simulation. The geometry induced mechanical loads being at the focal point of this paper, the implementation of the biologic processes is not considered and the layered structure of the wall, the anisotropy due to the collagen fibres, and the local variations of material properties due to the wall degradation are neglected as well.
Fluid domain
Although blood is a dispersed fluid, and as such, nonNewtonian behaviour (yield stress and shear thinning) can be observed at locations of low shear rate, studies [10] have shown that in cases similar to ours (in arteries of diameter larger than 0.5 mm) it has no significant effect, therefore the widely accepted incompressible Newtonian fluid model is adopted. The flow, in accordance with the experiences, is laminar. The temperature is constant; therefore the energy transport equation can be omitted. The gravitational forces and the inertia forces due to the changes in the state of motion of the head are neglected. The most important dimensionless quantities of the flow are the peak Reynolds number with respect to the vessel diameter (Re = 938), the Dean number (De = 1083), and the Womersley number (Wo = 6.63) show that the flow is laminar, the secondary flow formations from the vessel curvature are stable, and the pulsatile velocity profile varies significantly with time.
With the above assumptions, the following governing transport equations hold for the mass (1) and the momentum (2):
where ρ f = 1050 kg/m 3 is the blood density, µ f = 0.003 Pas is the dynamic viscosity respectively. In the arbitrary Lagrangian -Eulerian (ALE) formulation, u j − u g j is the relative velocity of the fluid with respect to the moving coordinate velocity.
At the inlet boundary the spatial distribution of the velocity profile is assumed to be parabolic prescribed far enough from the bifurcation to enable the realistic profile to develop without distorting the data at the apex. For the three consecutive pulsatile flow cycles considered, the time dependency is imposed by the first 4 harmonics of the Fourier spectrum of unified data acquired by Doppler ultrasound measurements, the cardiac cycle duration being 0.8 s and the peak flow velocity 1 m/s. For further details of the waveform characteristics see: [11] .
At the outlet boundary, modelling the resistance of the following blood vessels, a porous zone is applied having two parameters (the constant momentum source and outlet pressure) with the calibration of which the maximal (systolic) and the minimal (diastolic) pressure inside the fluid domain can be adjusted. At the wall no-slip condition is applied. The code being unable Fig. 2 . Velocity profile at the inlet to deal with two-dimensional grids, the geometry is extruded perpendicularly to its plane by 0.1 mm forming a single layer of elements. To acquire the planar flow properties a symmetry boundary condition is used on both sides.
The governing equations are solved with the ANSYS CFX 14.0 software, which utilizes the finite volume method. On an unstructured grid, the discretised transport equations are solved with a high resolution advection scheme, and the pressurevelocity coupling is formulated by the co-located 4 th order RhieChow algorithm. The implicit second order backward Euler scheme is used for the temporal formulation with a constant time step of 0.01 s within each of which a maximum iteration number of 300 is prescribed producing residuals smaller than 10 −7 . The verification mesh independence on 6 grid sizes revealed that the maximum face size of 0.2 mm in general with inflation layers of 1.5 geometrical growth ratio at the wall produces relative error in both pressure and WSS less than 5%.
Solid domain
The arterial wall is considered to be homogeneous, isotropic, obeying the linear-elastic Hooke's law:
with the compatibility equation:
where σ i j and ε i j are the solid stress and strain tensors respectively, d i is the displacement E = 3.6 MPa is the elastic modulus, ν = 0.49 is the Poisson's ratio. The wall thickness is w = 0.2 mm, the density of the arterial wall is ρ s = 1050 kg/m 3 .
For the solid domain a Lagrangian coordinate system is adopted, so the governing momentum conservation equation can be formulated as:
Exploiting the linear relation between the forces acting on a thin cylindrical shell and its normal displacements, the curvature in the direction perpendicular to the plane of the analysis can be taken into account with the adaptation of an elastic Winkler type foundation:
r being the radius of the lumen. The pressure of the cerebrospinal fluid and the surrounding tissues (p w = 400 Pa) is constant according to the Monroe-Kelly hypothesis. All the solid parts are fixed in the direction perpendicular to the plane of the analysis. At the inlet and at the outlets only displacements in the plane of the cross section are allowed.
The governing equations are solved with an implicit finite element method using the ANSYS Mechanical code. Since the geometry is three dimensional, the 8-node quadratic SHELL 281 element with side length of 0.5 mm is chosen for the geometrical discretisation of the solid part. Fig. 3 shows the results of a steady state simulation of a symmetric T-shaped bifurcation with rigid walls, without the momentum source at the outlet.
Results

Qualitative investigation
On the first hand, it can readily be observed, that on the top wall the pressure is maximal at the stagnation point -as one would expect -with the value (p max = 480 Pa) approximately equal to dynamic pressure at the center point of the inlet boundary according to the corresponding stream line. Note the rapid decrease to normal in a few centimetres. Albeit, this geometry induced surplus is of two orders smaller in magnitude than the normal diastolic pressure (10 4 Pa), and appears to be negligible compared to the hypertonic overpressure, which can rise up to even higher than the previous value, it has to be kept in mind that the long term repetitive effects are possible to cause wall degradation and residual deformations. On the other hand, the WSS shows significant spatial variations with minimum occurring at the stagnation point, and maxima surrounding it at a distance (9.6 mm) of the recorded aneurysm neck widths. It is not clear whether the high or low WSS, representing high and low flow conditions, or its rapid variation is to blame for the NO mediated biological effects driving the pathogenesis, but the truth is believed to lie somewhere in-between. Mostly the high WSS (> 40 Pa) [12] is regarded as a major factor in aneurysm growth [13] , while the rupture is associated with low WSS (< 2 Pa) [14] . Due to the bifurcation the WSS shows significant spatial variation around the expected location of aneurysm formation, with maximal values (23.76 Pa) being an order of magnitude higher than those of the normal sections (2.85 Pa), and minimal values approaching zero. Note that the pressure profile at the inlet and the radius of the fillet at the bifurcation peak could also have an effect on the load distribution, which need to be examined in the future.
Global parameters
Sweeping through the geometrically symmetric part of the described parameter field using the previous model, it is possible to determine the optimal shape where the pressure drop characterizing the resistance of the system is the smallest. This is depicted in Fig. 4 . The pressure drop varies slightly (with magnitude of maximum 5% occurring near α = 60°) with the bifurcation angle, whereas the diameter ratio proves to be of high importance defining an optimal geometry with minimal resistance between the values 0.75 and 0.80, which, comparing to the data in Table 2, and assuming that nature seeks for the optimum, can be regarded as a physiological validation of the model. For diameter ratios higher than 0.68 the inlet pressure becomes larger than that at the outlet, i.e. the system acts like a diffuser, leading to high energy losses. Introducing the dissipation ratio in (8) and (9), which measures the ratio of the energy dissipated by the system and the energy supplied to it, similar results yield from our investigations.
Here n i denotes the components of the surface unit normal. It is worth noting that the three-dimensional model might provide different results, because there the cross sectional area is a quadratic function of the diameter.
Local Features
A good approximation of the peak static pressure is the sum of the pressure drop and the dynamic pressure at the midpoint of the inlet boundary, thus having the same tendencies as the pressure drop component, still remaining small compared to the normal diastolic pressure. In contrast to the pressure, the peak WSS shows only slight dependency on the diameter ratio (the decrease in the diameter ratio from 0.9 to 0.5 induces only 5 -10% growth), but becomes sensitive to the bifurcation angle as seen in Fig. 5 . The sharper the angle, the higher the WSS max is. The graph comprises of two linear parts. When α > 60°holds, the WSS max is almost constant, while, with αdecreasing from 60°it rises steeply to 60.5 Pa, a value 2.36 times bigger than that of the T-shaped geometry. Note that it also exceeds the limit of wall degradation given by [12] . Looking at the graph in Fig. 6 , it can be derived that the peak WSS remains below approximately 40 Pa if the geometric sum of the two bifurcation angles exceeds 90°. 
Time dependency
In the unsteady case, the porous zone applied at the outlet provides a physiologically realistic pressure field. In good accordance with the former conclusions the pressure imposed at the top wall (Fig. 7) exhibits large temporal variations, but with small spatial gradients due to the similarly small geometric surplus (3.7%). The WSS (Fig. 8) has its peak near the aneurysm neck in space occurring at the time of the systole.
Fluid structure interaction
The application of the FSI procedure allows us now to examine the wall stresses, strains and displacements, together with the effect of the compliant wall on the loads exerted on it by the 
Since even the highest stress component is an order of magnitude smaller than the one-dimensional limit stress of the healthy arterial wall (cca. σ lim = 3 MPa), it is to be concluded that solely the direct, local, short term mechanical effects do not account for the aneurysm formation, and, however the long term pulsatile loading can deteriorate the wall, it is necessary to include biological effects into our studies.
Conclusions
Mechanical stimuli play a vital role in the process of aneurysm initiation, growth, and rupture. This paper investigated the impact of certain important geometrical parameters (the bifurcation angle and the outlet/inlet diameter ratio) on the flow induced load parameters (namely the pressure and the WSS) imposed on the arterial wall in case of a healthy carotid bifurcation model, a representative location of intracranial aneurysm formation. It is observed that the geometry-induced surplus of the normal pressure is negligible regarding even the normal diastolic pressure, while the WSS and its variation showed significant deviations near the bifurcation apex. The first having a peak at the stagnation point vanishes rapidly with distance, the second exhibits two maxima approximately at the locations of the aneurysm neck, surrounding its minima at the ram point. The parameter study revealed that the pressure field and the WSS depend mainly on the diameter ratio and the bifurcation geometry, respectively. The optimal geometry is achieved at diameter ratio between 0.75 and 0.80, and at opening angles larger than 90°. The unsteady models showed that the spatial gradients of the pressure are small, while the temporal fluctuation is significant, whereas in case of the WSS both gradients are high. The FSI method made it possible to scrutinize the effect of the solid wall, in this way the maximal pressure at the stagnation point typically increased by 3 -5%, the peak WSS decreased by 10 -15%. The wall displacement agrees well with the experimental values. These mechanical loads leaving the stress field an order of magnitude smaller than the limit stress of the arterial wall cannot be accounted for its degradation in a short term, but considering the long term pulsatile effect it may lead to aneurysm formation, however it is inevitable to incorporate a more elaborate material model in our simulations capable of following the biomechanical degradation and remodelling of the arterial wall.
Future prospects
Noting that the results of this model are in good agreement with the experimental values, the limitations of the twodimensional geometry have to be borne in mind. One of the main extensions of the investigations presented is the development of a similar three-dimensional model, which is now at the final stage.
In parallel, using this as a foundation, and cooperating with surgeons, physiologists and histologists, we aim to develop a material model on a microstructural foundation that is capable of describing the mechanical, biological and chemical behaviour and degradation of the tissue. Additionally, by integrating this into numerical models, we will be able to follow the evolution and rupture of the aneurysms in the future gaining a better understanding of the phenomenon.
